. The External Quantum Efficiency (EQE), Atomic Force Microscopy (AFM), hole mobility, Photo-Induced Charge Extraction (PICE) and Photo-Induced Transient Photo-Voltage (PIT-PV) were analyzed in devices based on 1a and 1b in order to account for differences in the final performance of the two molecules. The PIT-PV decays showed slower recombination kinetics for devices fabricated with 1b. Moreover, the EQE was greater for 1b and this is ascribed to the better nanomorphology, which allows better charge collection before carrier recombination takes place.
Introduction
Solution processed organic solar cells (OSCs) have improved significantly in recent decades [1e4], due to the judicious design of push-pull low band-gap copolymers, optimization of the nanoscale morphologies of the photoactive layers and enhanced carrier mobility, all of which have led to power conversion efficiencies (PCEs) of 10% for single-junction polymer solar cells (PSCs) [5, 6] and up to 11% for tandem PSCs [7] . Moreover, small molecule organic solar cells (SMOSCs) have emerged as complementary systems to the polymeric materials and they have undergone rapid development in recent years as SMOSCs offer potential advantages such as the possibility of obtaining better-defined molecular structures, easier purification and better batch-to-batch reproducibility [8, 9] . Indeed, power conversion efficiencies for bulk heterojunction small molecule organic solar cells (BHJ-SMOSCs) have exceeded 10% and these are expected to be higher for tandem devices [10e13] .
Numerous different chemical architectures, especially as donor moieties, have been explored for SMOSCs [11,14e19] and the most promising are the donor-acceptor (D-A) 'push-pull' molecules. Within this group, the use of porphyrin moieties (POR) as the main donor has recently been reported but this remains relatively unexplored.
Inspired by natural photosynthetic structures, such us chlorophylls, porphyrins and their derivatives, these excellent building blocks offer efficient light harvesting architectures, high stability, and their large and rigid planar structure allows fine tuning of their energetic and morphological properties [20] . For example, PORbased photosensitizers are among the best sensitizers in dye sensitized solar cells (DSSCs). In recent years, remarkable progress has been made on using POR as the main donor moieties [21e26] and efficiencies as high as 8% have been reached in SMOSC [27] devices while in DSSC systems efficiencies close to 12% have been described [28] .
Recently, we described two similar conjugated acceptor-donoracceptor (A-p-D-p-A) compounds that also contained a Znporphyrin but were capped by dicyanovinylene groups as acceptor units e these materials gave photoconversion efficiency (PCE) of 3.21% [29] . With the aim of significantly improving the design and thus the performance of the final device, we report here: (a) the synthesis and characterization of two new conjugated POR-based acceptor-donor-acceptor (A-p-D-p-A) 'push-pull' molecules 1a and 1b (Fig. 1) ; (b) the device fabrication and performance of these materials in solution-processed SMOSCs using PC71BM as the main electron acceptor moiety and (c) analysis of the carrier recombination kinetics. Compounds 1a and 1b were used as electron donor molecules in the blend, with the Znporphyrin core acting as a donor linked by ethynylene groups to one or two units of thienylenevinylene and capped by N-ethylrhodanine as acceptor units. The strategy for this design is based on the use of the ethynylene units to make the system planar, the thienylenevinylene to extend the p-conjugation and the incorporation of hexyl chains on the thiophene units to enhance solubility. Finally, the use of rhodanine as the acceptor provides a stronger charge transfer character to the molecule and increases the light harvesting efficiency.
Synthesis and characterization
Compounds 1a-b were obtained in 82% and 45% yield, respectively, by Knoevenagel condensation of 2a-b [28] with N-ethylrhodanine and piperidine as base (Scheme 1). Both new compounds were satisfactorily characterized by 1 H and 13 C NMR,
FT-IR and MALDI-MS (see Supporting Information for synthetic details and full analytical and spectroscopic data). In the 1 H NMR spectra of 1a and 1b a new signal was observed at 8.00 ppm and 7.95 ppm, respectively, and this confirms the success of the condensation reaction. The mass spectrum of 1a showed the molecular ion peak at m/z 1498.75 amu and 1b gave a molecular ion peak at m/z 2051.69 amu.
Compounds 1a-b showed excellent thermal stability up to 300 C, with Td values of 377 C and 355 C for 1a and 1b, respectively (Figs. S9 and S10); this thermal stability is suitable for photovoltaic applications.
Optical properties
The optical properties of 1a and 1b in CH 2 Cl 2 (DCM) solutions and in thin films are shown in Fig. 2 and the characteristics of semiconductors 1a and 1b are collected in Table 1 .
The absorption spectra in DCM solution of both compounds exhibit a panchromatic absorption in the visible region. Compound 1a shows the characteristic absorption pattern of a Zn-chelated porphyrin with an intense Soret band (B band) at 507 nm (log ε ¼ 5.27) and a broad intense intramolecular charge transfer (ICT) band with a maximum at 709 nm (log ε ¼ 5.09). Extension of the conjugation on the bridge by the introduction of a new thienylenevinylene unit had a significant impact on the absorption spectrum of 1b. This change led to a broader absorption, which is bathocromically shifted, for the Soret band to 547 nm (log ε ¼ 5.02) and in the ICT band at 716 nm (log ε ¼ 5.02). Comparison of the corresponding absorptions in films shows that the absorption bands became broader and red-shifted as a consequence of the closer intermolecular interactions in solution.
The fluorescence spectra of 1a-b, measured in DCM (CH 2 Cl 2 ) and with excitation at 481 and 482 nm, respectively, show emission bands at 727 and 746 nm, respectively (Figs. S13 and S14).
From absorbance and emission data, the E 0-0 values were calculated. The HOMO-LUMO gaps are as narrow as 1.74 and 1.69 eV for 1a and 1b, respectively.
Electrochemical properties
The electrochemical properties of 1a and 1b were investigated by Cyclic Voltammetry (CV) and Osteryoung Square Wave Voltammetry (OSWV) in o-dichlorobenze (ODCB)-acetonitrile (4:1) ( Table 1 , Figs. S15 and S16). On the cathodic side, both compounds showed a first reversible one-electron oxidation wave at 0.26 V for 1a and 0.14 V for 1b (vs Fc/Fc þ in all cases). This first oxidation potential is ascribed to the oxidation of the porphyrin core; it can be remarked that the extended conjugation in 1b gives rise to a decrease in the E ox value by 12 mV with respect to 1a. A second reversible oxidation wave was observed at 0.65 V for 1a and at 0.42 V for 1b, and this is attributed to the thienylenevinylene units. Compound 1b showed two more non-reversible oxidation waves at 0.63 and 0.88 V, which are attributed to oxidation of the thienylenevinylene moieties. The estimated E HOMO values were determined to be À5.36 eV for 1a and À5.24 eV for 1b.
Low-lying HOMO levels should result in high open-circuit voltages (Voc) [30e32] . The E LUMO values of 1a-b are higher than Fig. 1. Molecules 1a and 1b. the E LUMO of PC71BM (À4.0 eV), i.e., À3.62 and À3.55 eV for 1a and 1b, respectively. Hence, the LUMO energy levels of these smallmolecules ( Fig. 3) clearly match the LUMO of PC71BM, thus enhancing charge transfer.
Theoretical calculations
In order to gain an insight into the structure and the electronic properties of the materials, theoretical studies were carried out by performing density functional theory (DFT) calculations at the B3LYP/6-31G* level in vacuo using Gaussian 03W.
The optimum geometries obtained for dyes 1a and 1b (Fig. S17) show that the p-conjugated system, porphyrin macrocycle and the thienylenevinylene monomers are planar. The dihedral angles for this system are around 4 . The calculated dihedral angle for the N-ethylrhodanine with the Scheme 1. Synthesis of 1a and 1b. adjacent thiophene ring (q) is around 1.5 . The planarity of the whole p-conjugated system is responsible for the extended conjugation and this situation is consistent with the calculated wavefunctions of the frontier molecular orbitals.
The HOMO and LUMO are spread over the whole porphyrin and the corresponding thienylenvinylene system. Thus, both orbitals are overlapped and this promotes the HOMO to LUMO electronic transitions (Fig. S18) .
The theoretical HOMOeLUMO gaps are similar for both dyes, with a slightly lower value for compound 1b (1.72 eV) than for 1a (1.85 eV) . These values are of the same order of magnitude as those determined by electrochemical measurements.
The greater extent of the conjugation in dye 1b results in an increase in the HOMO energy level and, as a consequence, a bathochromic shift in the maximum absorption wavelength, which in turn improves the light harvesting behavior.
The differences between the HOMO of the donor (1a or 1b) and the LUMO of the acceptor (PC71BM) [24] (1a: 1.12 eV, 1b: 0.86 eV) point to efficient Voc values. Furthermore, the difference between the LUMO of the dyes 1a and 1b and the LUMO of PC71BM (1a: 0.73 eV, 1b: 0.85 eV) ensures efficient exciton dissociation at the D/ A interface.
Device characterization
The photovoltaic (PV) properties of 1a and 1b were investigated by fabricating solar cells using the conventional sandwich structure of ITO/poly(3,4-ethylenedioxythiophene): polystyrenesulfonate (PEDOT:PSS)/small-molecule:acceptor/Ca/Al. The fabrication method and other details are provided in the Supporting Information. The electrical characterization of all devices was performed under ambient conditions with AM 1.5 G simulated illumination at an intensity of 100 mW cm À2 . The current densityvoltage characteristics and the external quantum efficiency (EQE) are shown in Fig. 4 and the performance parameters are summarized in Table 2 as a function of the donor:PC71BM weight ratios. Average values were taken from 12 devices. The devices based on a 1a:PC71BM blend film with a w/w ratio of 1:2 exhibited an average power conversion efficiency (PCE) above 3%, with an open-circuit voltage (Voc) of 0.85 V, high shortcircuit current (Jsc) and poor FF of 30.8% (Fig. 4a) . On the other hand, the photovoltaic device with 1b:PC71BM at a blend ratio of 1:4 w/w showed a record PCE of 4.24%, with Voc 0.8 V, a Jsc of 13.2 mA/cm 2 and a FF of 40.1% (Fig. 4b) . Moreover, the EQE values, which are displayed in Fig. 4c and d, were measured under monochromatic light for 1a:PC71BM and 1b:PC71BM devices at different blend ratios. Both spectra exhibit a broad spectral response, ranging from 300 to 800 nm, whereas the mixture of 1b:PC71BM at a 1:4 w/w ratio gave the highest incident photon-tocurrent efficiency (80%) at 423 nm. This finding is consistent with the devices with the highest Jsc and PCE. Furthermore, the EQE integration against the 1.5 AM G sun spectra results were in good agreement with the measured photocurrents. As can be seen, all the solar cells display fill factor values below 50% (see Table 2 ). This issue was independent of the donor/acceptor ratio although, for the best solar cells with a ratio of 1:4 we achieved the highest fill factor values. From these results, it is difficult and too speculative to infer the reasons for the low fill factor. Nevertheless, we believe that the low mobility measured for the "only hole devices" and the unbalanced charge transport between holes and electrons are, definitively important factors that effect a change on the fill factor. Once the solar cells had been evaluated, the morphologies of the active layer were characterized by atomic force microscopy (AFM) in tapping mode in order to gain an insight into the differences in device performance, using the best composition for each device, as shown in Fig. 5 . The surface topographies of the film of the 1b:PC71BM (1:4) blend displays rather uniform nanometer-sized features with a root-mean-square roughness (rms) value of 0.53 nm. In contrast, the blend containing 1a with PC71BM exhibited a coarser topography, with higher rms values of 0.62 nm. The surface of the former is smoother than that of the latter and it also has better-defined morphological features. This is often related to better phase intermixing, which in turn leads to better phase separation and is beneficial for efficient exciton diffusion and charge transport.
The effect that the blend nano-morphology has on the solar cell parameters was analyzed further by measuring the hole carrier mobility in complete devices with the appropriate selective contacts (see Supporting Information). The mobility was calculated using the Space Charge Limited Current method (SCLC) as described in the Supporting Information (Fig. S19) . Values for 1a and 1b of 1.25 ± 0.8 Â 10 À5 V cm À2 s À1 and 1.53 ± 0.3 Â 10 À5 V cm À2 s
À1
, respectively, were obtained. It should be noted that, in contrast to previous publications [33e40], the effect of the alkyl chains in these molecules on the hole carrier mobility is less critical. Moreover, it was determined that the hole carrier mobility is not responsible for the difference between the two porphyrin-based devices and, more importantly, this physical characteristic is not considered to be a determinant factor for the final device performance.
Finally, the carrier losses were evaluated by measuring the interfacial carrier recombination kinetics as reported previously [33,34,41e48] .
The charge extraction of 1a-b is depicted in Fig. 6a and was determined by subtracting the contribution of the geometrical capacitance. The total extracted charges are shown in the Supporting Information (Fig. S20) , where the geometric contribution is indicated by a straight line and the calculated values are 80 and 64 nF cm À2 for 1a and 1b, respectively. Hence, the charge values shown in Fig. 6b correspond to the photo-induced charge, which can either be stored at the contacts, in the bulk of the device Fig. 5 . AFM images of (a) 1a:PC71BM and (b) 1b:PC71BM in the most efficient devices. or both. As can be seen in Fig. 6a , there is a shift in the exponential in devices made with 1a and this finding is in good agreement with the 5e10 mV increase in Voc observed in the IV curves. Moreover, with 1b the organic blend is capable of storing more charges at a given photo-induced voltage (the so-called light bias) and, as shown above, can extract these charges more efficiently when compared to 1a. The Photo-Induced Transient Photo-Voltage (PIT-PV) technique was also applied to compare the charge lifetime of devices based on 1a and 1b. A clear difference can be seen between these two materials. Firstly, 1b clearly has a slower carrier lifetime than 1a. The slower carrier recombination dynamics, in addition to the observed shift in the exponential charge density measurement, explain the higher Voc observed for 1b. It is known that the Voc of a solar cell is closely related to the carrier recombination dynamics under illumination. The slower the carrier recombination the higher the Voc for devices with similar charge density.
The results described above indicate that the molecular structure of 1b favors better film nano-morphology and thus improved charge collection and slower carrier recombination dynamics.
Conclusions
Two conjugated molecules bearing a Zn-porphyrin, which act as an electron donor, linked by ethynylene units to one or two thienylenevinylene moieties and capped by ethylenerhodanine groups as acceptor units have been synthesized and characterized in solution processed small molecule solar cells. The design strategy was based on the incorporation of electron-accepting ethylenerhodanine moieties through the thiophene based bridges, which shift the absorption profiles bathocromically to the NIR due to a more intense intramolecular charge transfer band. Compounds 1a and 1b exhibit excellent light harvesting properties, good thermal stability and have low-lying HOMO levels of À5.36 and À5.24 eV, respectively. Complete SMOSCs were fabricated using 1a and 1b donors combined with PC71BM as the electron acceptor molecule. Compound 1b gave a PCE of 4.3%. The EQE measurements are consistent with the Jsc values obtained, with an incident photon-to-current efficiency of 80% at 430 nm for the 1b:PC71BM device with a 1:4 ratio. The hole carrier mobility was also measured and values of 1.25 ± 0.8 Â 10 À5 V cm À2 s À1 and 1.56 ± 0.4 Â 10 À5 V cm À2 s À1 were obtained, respectively. Finally, photo-induced charge extraction and photo-induced transient photo-voltage experiments were carried out in order to determine the origin of the difference in performance between devices based on 1a and 1b. The PICE showed a shift that mirrored the difference in Voc and very similar distribution of charges versus applied light bias, although 1b can store more charge at the same voltage. Moreover, the PIT-PV showed a marked difference between the two molecules; In the case of 1b the carrier lifetime was considerably shorter than that of 1a. Thus, for 1b the presence of the thiophene groups not only improves the light absorption but also changes the nano-morphology and, hence, the carrier extraction and recombination. This is achieved without a substantial decrease in the device Voc, as expected due to the reduced bandgap of 1b.
